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Metamorphosis in holometabolous insects is an ecdysone-dependent process by which the larval form is replaced by a
reproductive, adult form. At the onset of metamorphosis ecdysone induces a set of early genes which coordinate tissue-
speci®c responses to hormone. The Broad-Complex (BR-C) early gene, which acts as a global regulator of tissue-speci®c
responses to ecdysone, encodes a family of zinc-®nger DNA binding proteins known as Z1, Z2, Z3, and Z4. Genetically
the BR-C encodes three complementing functions, br, rbp, and 2Bc, and a class of npr1 alleles that fail to complement
any of the other genetic functions. The effects of BR-C mutations on metamorphic development are highly pleiotropic,
yet little is known about the roles of individual BR-C proteins in directing the required responses to ecdysone. Because
the BR-C is a vital regulator of metamorphosis it is essential to establish the relationships between BR-C genetic functions
and protein products. We present here the ®rst general and de®nitive study of these relationships. Using heat-inducible
transgenes we have rescued lethality associated with each of the complementing genetic functions and have restored
transcriptional activity of tissue-speci®c BR-C/-dependent target genes. Our data lead us to conclude that br/ function is
only provided by the Z2 isoform. We ®nd that Z1 transgenes provide full rbp/ function, while Z4 provides partial function.
Likewise, while Z3 provides full 2Bc/ function, Z2 also provides partial function. These results indicate possible functional
redundancy or regulatory dependence (via autoregulation) associated with the rbp/ and 2Bc/ functions. The establishment
of these relationships between BR-C genetic functions and protein isoforms is an important step toward understanding
the roles of BR-C proteins in directing metamorphic responses to ecdysone. q 1997 Academic Press
INTRODUCTION sone when some larval tissues initiate new metamorphic
programs of gene expression. An example in Drosophila is
Metamorphosis and molting in holometabolous insects the initiation of glue protein synthesis in salivary glands 1
are remarkable hormone-dependent developmental pro- day after the last larval molt in response to the premetamor-
cesses characterized by extensive tissue remodeling. Physi- phic ecdysone pulse (Andres et al., 1993; Beckendorf and
ological studies in Diptera and Lepidoptera have shown that Kafatos, 1976; Berreur et al., 1979; Korge, 1975). The forma-
developmentally speci®ed ¯uctuations in the titers of the tion of the pupa (pupariation) 1 day later occurs in response
steroid molting hormone 20-hydroxyecdysone (hereafter to a sharp increase in ecdysone titer that initiates an array of
called ecdysone) drive both molting and metamorphosis morphogenetic processes that characterize metamorphosis.
(Gilbert et al., 1996; Riddiford, 1993). Commitment to enter During metamorphosis ecdysone elicits divergent re-
metamorphosis in Lepidoptera, and presumably in Diptera, sponses in different target tissues. In Drosophila, many lar-
occurs in the early to middle stages of the last larval instar val tissues, such as salivary glands, respond to ecdysone
in response to a low-titer, premetamorphic pulse of ecdy- ®rst by initiating new programs of gene expression and later
by undergoing histolysis (Bodenstein, 1943; Robertson,
1936). In contrast, imaginal discs, imaginal histoblasts, and1 Current address: Department of Biology, University of Central
imaginal rings are induced by ecdysone to undergo morpho-Florida, Orlando, FL 32816-2368.
genetic changes to form adult structures such as epidermis,2 To whom correspondence should be addressed. Fax: (407) 823-
5769. E-mail: cbayer@pegasus.cc.ucf.edu. appendages, and internal organs, even as the larval tissues
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degenerate (Fristrom and Fristrom, 1993). Other tissues
such as the central nervous system are instead remodeled
and reorganized during metamorphosis via cell death and
replacement (Truman et al., 1993). A major focus of current
research is to understand how the ecdysone hormonal signal
is correctly interpreted in each tissue. Studies of ecdysone-
induced puf®ng patterns in Drosophila salivary gland poly-
tene chromosomes and subsequent molecular analyses have
led to a general model describing tissue-speci®c responses
to ecdysone (Ashburner et al., 1974; reviewed in Russell
and Ashburner, 1996; Thummel, 1996). In this model the
hormonal signal is transmitted to downstream tissue-spe-
ci®c effector genes in a two- or more step hierarchy. Ecdy-
sone binds to a heterodimeric complex consisting of one of
three forms of the ecdysone receptor plus the ultraspiracles
protein (the Drosophila homolog of the vertebrate retinoid-
X-receptor) (Koelle et al., 1991; Yao et al., 1992, 1993; Tal-
bot et al., 1993; Thomas et al., 1993; reviewed in Cherbas
and Cherbas, 1996). This ligand-activated complex induces
a small set of early response genes which coordinate the
responses of individual tissues to hormone. One early gene,
E63, may regulate the salivary gland response to ecdysone
via calcium homeostasis (Andres and Thummel, 1995).
Three other early genes, the Broad-Complex (BR-C), E74,
and E75, are widely expressed and encode families of tran-
scription factors that serve to transmit the ecdysone signal
to downstream target genes (Burtis et al., 1990; Segraves
FIG. 1. The Broad-Complex locus and protein isoforms. (A) BR-and Hogness, 1990; Thummel et al., 1990; DiBello et al.,
C transcripts synthesized from either of two ecdysone-inducible
1991). Initially induced early in the third larval instar, early promoters, Pdistal and Pprox , encode four different pairs of C2H2 zinc-
gene expression continues through the end of larval devel- ®nger domains (Z1, Z2, Z3, and Z4) that are linked by alternative
opment and into the prepupal and pupal periods (Andres et splicing to the common ``core'' exons (DiBello et al., 1991; Bayer
al., 1993). Among early genes the BR-C appears to occupy et al., 1996a). DNA sequencing of genomic fragments and compari-
a special place in the ecdysone hierarchy because it is re- son to cDNA sequences indicate that the core is divided into six
exons (E. Chung, L.v.K., and J.W.F., unpublished). The intron/exonquired for maximal ecdysone induction of E74 and E75 as
boundaries of these core exons are located, according to the cDNAwell as its own expression prior to pupariation (Zhimulev
sequence of DiBello et al. (1991), at the following nucleotides (theet al., 1982; Karim et al., 1993).
size of the intervening intron is in parentheses): 572/573 (3 kb),The BR-C encodes a family of C2H2 zinc-®nger transcrip-
761/762 (75 bp), 1216/1217 (87 bp), 1489/1490 (87 bp), and 1629/tion factors (Fig. 1). All BR-C proteins share a common
1630 (144 bp). Open boxes indicate open reading frames; ®lled boxes
amino terminus (the BR-C ``core'') which contains a highly indicate untranslated regions of BR-C transcripts. (B) The ®rst 113
conserved amino-terminal motif (the BTB or POZ domain) aa of the 431-aa core region shared by all BR-C proteins encodes
that is widely distributed among metazoans (Bardwell and the conserved BTB (or POZ) domain (Bardwell and Treisman, 1994;
Treisman, 1994; Zollman et al., 1994). The core is alterna- Zollman et al., 1994) that is believed to mediate protein±protein
tively spliced to one of four pairs of zinc-®nger DNA bind- interactions. Each BR-C protein isoform is distinguished by its
unique linker and zinc-®nger-containing domains. Some linker do-ing domains, generating four classes of proteins, the Z1,
mains have runs of amino acids (glutamine [Q]; threonine [T], aspar-Z2, Z3, and Z4 isoforms (DiBello et al., 1991; Bayer et al.,
agine [N], and serine [S]). Genomic sequencing and PCR analysis1996a,b). Three variants of the Z1 class have been identi®ed.
con®rm that each zinc-®nger domain resides in the same exon asThese isoforms differ in the linker region between the com-
its corresponding linker domain. The TNT, Q1, and Q2 sequencesmon region and the DNA binding motif (see Fig. 1B and its
found in Z1 isoforms (DiBello et al., 1991) are contiguous in the
legend). Although a variety of proteins are produced at the Z1 exon in the order 5*-TNT, Q1, Q2-3*. Therefore, only three Z1
locus, individual BR-C protein isoforms are not tissue-spe- isoforms can be generated by alternative splicing from the 3* end
ci®c. Most tissues examined express all BR-C isoforms. of the core to the three alternative splice acceptor sites within the
However, the relative level of each isoform varies among Z1 exon. These are TNT-Q1-Q2-Z1, Q1-Q2-Z1, and Q2-Z1.
tissues according to their metamorphic stage (Emery et al.,
1994; von Kalm et al., 1994; Bayer et al., 1996a).
Genetically the BR-C encodes three fully complementing
genetic functions: br (broad ), rbp (reduced bristle number tations fail to complement mutations in each of the three
complementing genetic functions. All npr1 mutations areon palpus), and 2Bc (Belyaeva et al., 1980; Kiss et al., 1988).
Alleles belonging to the npr1 (nonpupariating1) class of mu- phenotypically indistinguishable from deletions of the lo-
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cus. The effects of BR-C mutations during metamorphosis fect the function or level of more than one protein isoform
or that some isoforms at the locus exhibit partial functionalare highly pleiotropic (Belyaeva et al., 1980; Fristrom et al.,
1981; Kiss et al., 1988; Restifo and White, 1991, 1992). br/ redundancy.
In the studies presented here we sought to ask directlyfunction is required for leg and wing imaginal disc morpho-
genesis as well as tanning and hardening of the larval cuti- whether particular BR-C protein isoforms complement
speci®c BR-C mutations. We generated transgenic ani-cle. rbp/ function is required for muscle and bristle develop-
ment. Both rbp/ and 2Bc/ functions are required for the mals carrying heat-inducible cDNAs that encode individ-
ual BR-C isoforms and used these transgenes to rescuehistolysis of larval tissues and gut morphogenesis. 2Bc/
function is also required for complete closure of the thoracic lethality associated with mutations in each of the com-
plementing BR-C genetic functions, as well as restoreepidermis. All three functions are required for CNS reorga-
nization. transcriptional activity of tissue-speci®c target genes in
BR-C mutant animals. Our data lead us to conclude thatCompared to the genetic de®nition of BR-C roles in meta-
morphic development, less is known about the function of br/ function is only provided by the Z2 isoform. However,
we observe possible functional redundancy or regulatoryspeci®c BR-C proteins. Analyses of BR-C expression pat-
terns show that all BR-C isoforms are induced at the begin- dependency (via autoregulation) associated with rbp/ and
2Bc/ functions. rbp mutants are fully rescued by Z1 pro-ning of metamorphosis and are detected in most tissues
during this period (Emery et al., 1994; Bayer et al., 1996a), tein expression but are also partially rescued by Z4 pro-
tein expression. Likewise, 2Bc lethality is fully rescuedproviding little information pertaining to their roles in the
metamorphic development of individual tissues. Therefore, by Z3 protein expression, but also partially rescued by
Z2 protein expression. Identi®cation of the relationshipsit is essential to establish the relationships between BR-C
genetic functions and protein products. Some genetic stud- between BR-C genetic functions and protein isoforms
allows us to assign roles to BR-C proteins for directingies suggest a simple one-to-one link between speci®c com-
plementing genetic functions and protein isoforms. The br28 morphogenetic responses to ecdysone during metamor-
phosis.mutation that produces a truncated Z2 protein fully com-
plements rbp and 2Bc alleles (Emery et al., 1994; C.A.B.
and J.W.F., unpublished). The rbp5 mutation that truncates MATERIALS AND METHODS
all Z1 isoforms fully complements br and 2Bc alleles (Bely-
Drosophila Stocksaeva et al., 1980; Emery et al., 1994). Other data, however,
suggest that the relationships between complementing ge- BR-C mutant stocks used in this study are shown in Table 1.
netic functions and protein isoforms may be complex. For Stocks were maintained at 257C on standard Drosophila media.
example, the apparent simple correlation between br/ func- BR-C mutant chromosomes marked with yellow (y) were carried
in females balanced over Binsn. The br5 and br28 mutations aretion and the Z2 protein class is clouded by the observation
amorphic (null) alleles (Kiss et al., 1988; C.A.B. and J.W.F., unpub-that Z3 transcript and protein levels are reduced in br28
lished) that cause the same phenotype, i.e., both mutations arrestmutants (Emery et al., 1994; C.A.B. and J.W.F., unpub-
development in 0-hr prepupae with an untanned larval cuticle andlished). In addition, although a P element is found in the br28
uneverted imaginal discs. All rbp mutations behave as hypomor-Z2 DNA-binding domain (DiBello et al., 1991), reversion of
phic (partial loss-of-function) alleles (Kiss et al., 1988; C.A.B. andthis mutation has not been reported. The presence of a small
J.W.F., unpublished). rbp5, the most severe allele, and rbp1 are lethal
deletion upstream of BR-C-transcribed sequences in the br28 alleles that arrest development in early pupae or pharate adults,
chromosome (Sampedro et al., 1989) complicates the corre- with a greater proportion of rbp1 than rbp5 animals developing to
lation of the transposon insertion with the mutant pheno- later stages. The most obvious rbp morphological phenotype is a
type. The possibility of a br-speci®c regulatory region would reduction in the number of bristles on the palpus, which is smaller
than normal, and on the sternites and tergites of the abdomen,be consistent with genetic mapping results (Aizenzon and
which also exhibits incomplete fusion of the cuticle at the dorsalBelyaeva, 1982) placing br/ function at the centromere-dis-
midline (Belyaeva et al., 1980; C.A.B. and J.W.F., unpublished). Thetal, i.e., 5*, end of the BR-C gene. Furthermore, because the
2Bc1 and 2Bc2 mutations behave as amorphic alleles that arresttruncated Z1 protein in rbp5 mutants completely lacks its
development in late prepupae or early pupae just after head eversionDNA-binding domain one might expect this mutant to be
(pupation) (Belyaeva et al., 1980; C.A.B. and J.W.F., unpublished).functionally null. Nonetheless, rbp5 behaves genetically as
The major developmental defects associated with 2Bc mutants are
a partial loss-of-function mutation; i.e., rbp5/rbp5 homozy- delayed pupariation and cuticle tanning and aberrations in thorax
gotes are phenotypically less severe than rbp5/de®ciency formation due to defective fusion of imaginal disc epidermis (Kiss
heterozygotes (C.A.B. and J.W.F., unpublished). This sug- et al., 1988). The npr13 and npr17 mutations are null for all BR-C
gests that more than one BR-C isoform may provide rbp/ function, as are all npr1 alleles (Kiss et al., 1988). These animals
arrest development at the end of the larval period, never initiatingfunction. Finally, br alleles that are associated with regula-
pupariation, and die after several days as wandering third instartory defects are phenotypically less severe in heteroallelic
larvae.combination with the null br5 allele than in heteroallelic
combination with npr1 mutations or BR-C de®ciencies
Construction of BR-C Transgenes(Kiss et al., 1988; DiBello et al., 1991). These seemingly
aberrant complementation results are open to various inter- Five hsp70/BR-C transgenes were constructed in the P element
transposition vector pCaSpeR-hs which carries the white/ mini-pretations including the possibility that the mutations af-
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TABLE 1
Lethal BR-C Mutant Alleles
BR-C complementation group Mutant designationa Origin Stage of developmental arrest Reference
broad br5 EMS 0 hr white prepupa (1)
br28 P element 0 hr white prepupa (2)
reduced bristle rbp1 EMS Early pupa/pharate adult (1)
number on palpus rbp5 EMS Early pupa/pharate adult (1)
2Bc 2Bc1 EMS Late prepupa/early pupa (1)
2Bc2 EMS Late prepupa/early pupa (1)
nonpupariating1 npr13 EMS Late third instar (1, 3)
npr17 DEB Late third instar (1, 2)
Note. References: (1) Belyaeva et al., 1980; Kiss et al., 1988; (2) DiBello et al., 1991; (3) Kiss et al., 1978.
a BR-C genetic nomenclature has recently been revised in FlyBase: The Drosophila Genome Database Genes listings (http://¯ybase.
bio.indiana.edu:82/genes/).
gene marker (Thummel and Pirrotta, 1992). BR-C cDNAs cloned as third instar larvae 12 and 4 hr before pupariation (012 hr L3
into the EcoRI site of the pCaSpeR-hs polylinker are controlled by and 04 hr L3). In contrast to wild-type and rbp animals, tanning
Drosophila hsp70 5* heat-responsive regulatory elements as well in br5, br28, 2Bc1, and 2Bc2 prepupae is absent or delayed, so 0-
as by 3* signals for polyadenylation and RNA degradation. The hr prepupae must be identi®ed hourly as they pupariate. For rbp
cDNAs dm527, dm708, cD5, dm797, and 28-I used to generate mutant rescue, animals were heat shocked as 6-hr AP prepupae
these constructs encode BR-C protein isoforms Q1-Q2-Z1, TN-Q1- and 12-hr AP pupae (newly formed pupae). To assay rescue of
Q2-Z1, Z2, Z3, and Z4, respectively (DiBello et al., 1991; Bayer the lethal mutant phenotype, animals were monitored as they
et al., 1996a). Transgenic animals were generated by germ-line P advanced through metamorphosis and scored according to the
element transformation (Rubin and Spradling, 1982) using w1118 developmental stages de®ned by Bainbridge and Bownes (1981).
recipient ¯ies and the pP25.7wc helper plasmid as a source of External morphology was scored and fertility tested in animals
transposase (Karess and Rubin, 1984). Homozygous lines carrying that completed metamorphosis and eclosed. In some cases, pha-
single transposon insertions on the second, the third, and both rate adults were dissected from their pupal case for examination.
chromosomes were established. The rescue results shown in Tables 2, 3, and 4 and in the graphs
in Fig. 2 summarize data taken from several trials of each heat
shock protocol.
Rescue Protocols ii. Rescue of target gene expression and RNA analysis. The
effects of transgene expression on the transcript levels of rbp/-
i. Rescue of mutant lethality. Chromosomes carrying dependent Sgs4 (Guay and Guild, 1991; Karim et al., 1993), br/-
hsp70/BR-C transgenes were introduced into mutant BR-C back-
dependent Ddc (Hodgetts et al., 1995; O'Keefe et al., 1994), and
grounds for rescue experiments by crossing heterozygous mutant
2Bc/-dependent Fbp2 (Rat et al., 1991; Andres et al., 1993; J.-A.
females with males homozygous for one or two copies of a
Lepesant, personal communication; this study) were investigated.transgene. For example, y br5/Binsn females were crossed to
For Sgs4 and Ddc rescue assays, y rbp5/Binsn or y br5/Binsn females,w1118/Y; Z2/Z2; Z2/Z2 males at 257C to generate male progeny
respectively, were crossed to w1118/Y males homozygous for onehemizygous for y br5 and heterozygous for two autosomal copies
autosomal hsp70/BR-C transgene or to w1118/Y males carrying noof the Z2 transgene. For comparison, progeny from y br5/Binsn
transgene. Progeny developed at 257C. Twelve hundred newlyfemales crossed to w1118/Y males carrying no transgene were also
hatched larvae (0±6 hr) were collected and placed on standard me-generated. Mutant y BR-C progeny and their y/ BR-C/sibs were
dium with fresh yeast in 60 1 15-mm petri dishes (200 animalsheat shocked in vials for 30 min at 33 or 377C in a water bath.
per dish). After 48 hr, late second instar larvae were identi®ed onThe developmental stages for heat shock induction of transgenes
the basis of anterior spiracle morphology and placed on fresh me-were initially chosen on the basis of the times when transcripts
dium (100 animals per dish). After 6 hr early third instar larvae (0±for the various isoforms were known to be abundant (Andres et
6 hr after molting) were identi®ed by anterior spiracle morphologyal., 1993; Bayer et al., 1996a). The heat shock regimens were
and separated by y (BR-C mutant) or y/ (BR-C/ sib) mouthhookthen re®ned to achieve maximal rescue. Successful heat shock
color. Three sets of 15 y and 15 y/ larvae were placed on mediumprotocols for the various mutants are summarized in Fig. 2 and
with fresh yeast in glass vials for 36 hr. Vials were placed in a 377CTables 2, 3, and 4. Animals were staged relative to either the
water bath for 30 min and then returned to 257C for 3, 6, or 9 hr.time of pupariation, i.e., formation of a white prepupae (0 hr AP,
Five to 10 y and y/ larvae were harvested at appropriate times afterafter pupariation), or the time of pupation, i.e., head eversion.
heat shock and frozen on dry ice. All animals remain as larvae afterFor br mutant rescue, a mixture of larval stages was ®rst heat
3 or 6 hr of recovery following heat shock. After 9 hr of recoveryshocked at Time 0 and again 18 hr later. Six hours later, newly
some animals pupariated. Only larvae were used for these experi-formed white prepupae (WPP) were picked and a third heat shock
ments.was administered. These animals were therefore heat shocked
For Fbp2 rescue, y 2Bc1/Binsn females were crossed to w1118/Yas third instar larvae 24 hr before, 6 hr before, and at pupariation
males homozygous for one autosomal hsp70/BR-C transgene or(designated 024 hr L3, 06 hr L3, and 0 hr WPP). For 2Bc mutant
rescue, animals were staged in a similar way and heat shocked to w1118/Y males carrying no transgene. Zero-hour prepupae were
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collected by placing late wandering larvae on moist ®lter paper and
removing newly pupariated animals every 60 min. Five to 10 y or
y/ prepupae were placed in glass vials and heated at 377C for 30
min. Animals were returned to 257C for 3, 6, or 9 hr. At each time
prepupae were harvested and frozen on dry ice.
RNA was isolated using a rapid procedure for small numbers of
larvae (Barnett et al., 1990). Antisense RNA probes were prepared
using a Promega Riboprobe System kit. The Sgs4 plasmid used to
make antisense Sgs4 RNA, pGEM-Sgs4, has been described (Moug-
neau et al., 1993). Plasmids pSP6Ddc and pSP6Fbp2 were made by
LvK for this study. pSP6Ddc contains Ddc coding sequences from
/4243 to /5122 (Eveleth et al., 1986; Morgan et al., 1986) cloned
into pSP64 (Promega). Antisense Ddc RNA was prepared from plas-
mid pSP6Ddc digested with MluI and transcribed with SP6 RNA
polymerase. Fbp2 antisense RNA was prepared from plasmid
pSP6Fbp2 digested with XhoI and transcribed with SP6 RNA poly-
merase. pSP6Fbp2 contains Fbp2 coding sequences from /76 to
/336 (Rat et al., 1991) cloned into pSP64. RNase assays and quanti-
®cation of data were performed as previously described (Mougneau
et al., 1993; von Kalm et al., 1994), except that RNase A was omit-
ted from digestions.
RESULTS
To examine the relationships between BR-C genetic func-
tions and protein isoforms we placed each of the BR-C zinc-
®nger isoform cDNAs under the control of the Drosophila
hsp70 heat-inducible promoter in germline-transformed
¯ies. Before testing whether speci®c isoforms could rescue
the developmental defects associated with different BR-C
mutant classes, we needed to know whether heat-induction
of these transgenes had any effect on wild-type animals.
Crossgrove et al. (1996) have recently shown by Western
analysis that each of the hsp70/BR-C transgenes (hereafter
referred to as the Z1, Z2, Z3, and Z4 transgenes) is rapidly
inducedÐwithin 30 minÐin third instar larvae exposed to
a 377C heat shock. For our initial analysis, we monitored
the development of BR-C/ animals in which individual
FIG. 2. BR-C transgenes rescue metamorphic development of le-
thal BR-C mutants. BR-C mutants br5 (A), rbp1 (B), or 2Bc1 (C)
carrying one transgene copy (ZN), two transgene copies (ZN; ZN),
or no (/) transgene were heat shocked for 30 min at 33 or 377C at
the developmental stages indicated by an asterisk above each graph.
The degree of rescue achieved by induction of each BR-C transgene
is shown as the percentage of animals that advanced past the lethal
period characteristic of each mutant. The rescue results shown in
these graphs, like the results shown in Tables 2, 3, and 4, summa-
rize data from several trials of each heat shock protocol. This graph-
ical representation highlights the percentage of animals that were
partially rescued to advanced stages of development, in addition to
the percentage that were rescued to eclosion. Only the latter is
indicated in Tables 2, 3, and 4. For example, graph (A) shows that
of 41 br5/Y; Z2//; Z2// animals heat shocked three times at the
end of larval development, 41 (100%) developed to the 25-hr AP
pupal stage, 25 (60%) developed to the 75-hr AP stage, 16 (40%)
developed to the 90-hr AP stage, and 12 (29%) completed develop-
ment to eclosion.
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8620 / 6x28$$$221 07-10-97 10:01:29 dbal
272 Bayer, von Kalm, and Fristrom
TABLE 2
Rescue of br Mutant Lethality
BR-C No transgene Z1; Z1 Z2; Z2 Z3; Z3 Z4; Z4
HS protocol mutant (%) (%) (%) (%) (%)
3 1 377C (024 hr L3/06 hr L3/WPP) br5 (0/100) 0 (0/45) 0 (12/41) 29 (0/50) 0 (0/15) 0
3 1 377C (024 hr L3/06 hr L3/WPP) br28 (0/100) 0 (0/55) 0 (5/29) 17 (0/48) 0 (0/39) 0
Note. L3, third instar larva; WPP, 0 hr white prepupa. Rescue data are expressed as number of enclosed adults/number of mutant animals
scored  percentage rescued to eclosion.
transgenes were induced at different stages of metamorpho- Z2// animals and 17% of br28/Y; Z2//; Z2// animals were
able to eclose when expression of the Z2 transgene wassis to identify any detrimental effects. We found that a 377C
heat shock to induce either the Z1 or Z4 isoform during induced twice during the third instar and once again at
pupariation. A graphical representation of rescued develop-the third instar larval or early prepupal periods results in
lethality within a few hours of the heat shock (data not ment in br5 mutants (Fig. 2A) shows that all tested animals
were able to develop to early pupal stages, with 60% advanc-shown). No effect was seen when Z1 or Z4 was induced
during the late prepupal or pupal periods. In contrast, while ing to stage P12 (75 hr AP) pupae. This degree of rescue is
observed only when two copies of the Z2 transgene area 377C heat shock inducing either the Z2 or Z3 isoform
during the larval or prepupal periods had no effect on devel- induced at 377C three times at the end of larval development
(Table 2). When the Z2 transgene is induced only once oropment, induction of either transgene during pupal stages
resulted in death (data not shown). These initial tests were twice, some br mutants advance to later prepupal or pupal
stages, but their development never continues to eclosionimportant for two reasons. First, we established at what
times in development we might expect BR-C transgene in- (data not shown). The timing of the heat shocks in these
experimentsÐat the end of larval development and the be-duction to effectively rescue mutant defects. Second, we
found that the times when transgene induction had no dele- ginning of the prepupal stageÐcoincides with the timing of
Z2 expression in wild-type animals during metamorphosisterious effect on development correlate well with the times
when BR-C isoforms are normally abundantly expressed in (Emery et al., 1994; Bayer et al., 1996a), demonstrating that
this is the period when Z2/br/ function is required. Rescuedthe animal; i.e., late prepupal or pupal periods for Z1 and
third larval instar or prepupal period for Z2 (Andres et al., br mutants have normal head and abdominal structures,
but their legs are malformed, their wings are broad, and1993; Emery et al., 1994; Bayer et al., 1996a). Likewise, the
periods of sensitivity to transgene induction correspond to they die soon after eclosion (Fig. 3). In contrast to Z2, ex-
pressing two copies of each of the other BR-C transgenesthe times when BR-C isoforms are relatively low in the
animal. using the same heat shock protocol never permits the mu-
tants to develop past the WPP stage (Fig. 2A).
Because our initial experiments showed that 377C heat
Only the Z2 Transgene Rescues br Mutant shock induction of either the Z1 or Z4 transgene during
Lethality larval or early prepupal development is lethal, we also tested
a heat shock temperature (337C) that activates the hsp70We ®nd that the Z2 transgene is the only BR-C isoform
that can rescue the null, prepupal lethal br28 or br5 mutants promoter, but to a lower level (DiDomenico et al., 1982).
We found that a 337C heat shock prevents the lethal effectsto eclosion (Table 2). Twenty-nine percent of br5/Y; Z2//;
TABLE 3
Rescue of rbp Mutant Lethality
BR-C No transgene Z1; Z1 Z2; Z2 Z3; Z3 Z4; Z4
HS protocol mutant (%) (%) (%) (%) (%)
6 hr AP prepupae 337C rbp1 (0/100) 0 (97/271) 36 (0/71) 0 (0/70) 0 (5/196) 2
12 hr AP pupae 377C (0/100) 0 (6/60) 10 (0/46) 0 (0/63) 0 (0/73) 0
6 hr AP prepupae 337C / 12 hr AP pupae 377C (0/100) 0 (21/36) 58 (0/27) 0 (0/37) 0 (19/62) 31
6 hr AP prepupae 337C rbp5 (0/100) 0 (15/177) 13 (0/44) 0 (0/62) 0 (0/91) 0
12 hr AP pupae 377C (0/100) 0 (0/77) 0 (0/80) 0 (0/44) 0 (0/54) 0
6 hr AP prepupae 337C / 12 hr AP pupae 377C (0/100) 0 (17/31) 55 (0/35) 0 (0/24) 0 (0/38) 0
Note. Rescue data are expressed as number of eclosed adults/number of mutant animals scored  percentage rescued to eclosion.
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TABLE 4
Rescue of 2Bc Mutant Lethality
BR-C No transgene Z1 Z2 Z3 Z4
HS protocol mutant (%) (%) (%) (%) (%)
1 1 377C (012 hr L3) 2Bc1 (0/100) 0 (0/43) 0 (1/85) 1 (17/70) 24 (0/40) 0
2 1 377C (012 hr L3/04 hr L3) (0/100) 0 (0/36) 0 (5/79) 6 (64/92) 70 (0/47) 0
1 1 337C (012 hr L3) (0/100) 0 (0/173) 0 (5/159) 3 (34/105) 32 (0/158) 0
2 1 337C (012 hr L3/04 hr L3) (0/100) 0 (0/62) 0 (21/71) 29 (58/83) 70 (0/92) 0
1 1 377C (012 hr L3) 2Bc2 (0/100) 0 (0/77) 0 (9/101) 9 (34/97) 35 (0/28) 0
2 1 377C (012 hr L3/04 hr L3) (0/100) 0 (0/36) 0 (7/93) 7 (75/95) 79 (2/49) 4
1 1 337C (012 hr L3) (0/100) 0 (0/144) 0 (7/119) 6 (64/148) 43 (0/159) 0
2 1 337C (012 hr L3/04 hr L3) (0/100) 0 (0/92) 0 (37/108) 34 (61/73) 84 (0/98) 0
Note. L3, third instar larva. Rescue data are expressed as number of eclosed adults adults/number of mutant animals scored  percentage
rescued to eclosion.
of Z1 or Z4 induction during larval or prepupal development ing the original correlation between the Z2 domain and br/
function. The demonstration that removal of the P element(data not shown). The Z1, Z3, and Z4 transgenes are still
unable to provide any rescue of br lethality when induced reverts br28 to wild-type eliminates the possibility that the
deletion identi®ed by Sampedro et al. (1989) in upstreamby a 337C heat shock. In contrast, the Z2 transgene provides
partial rescue under these conditionsÐallowing br mutants DNA has any effect on BR-C function.
to advance to prepupal or pupal stages (data not shown).
These results demonstrate that the Z2 protein is the only
The Z1 and Z4 Transgenes Rescue rbp MutantBR-C isoform that provides br/ function.
LethalityAs a ®nal genetic test, we tested whether the br28 muta-
tion that is associated with the presence of a P element We next tested whether any of the BR-C transgenes could
rescue the lethal rbp1 and rbp5 mutants. Because rbp5 istransposon in the Z2 DNA-binding domain (DiBello et al.,
1991) could be reverted. We found that precise excision of caused by a truncation of the Z1 isoform, we attempted
rescue during the developmental periodsÐprepupal andthe resident P element reverts the broad null phenotype to
wild-type (B. Ho, C.A.B., and J.W.F., unpublished), con®rm- early pupal stagesÐwhen Z1 transcripts are abundant (An-
FIG. 3. Rescued br5 mutants have malformed legs and wings. Some br5/Y; Z2//; Z2// males eclose as fully formed adults, but their
appendages are malformed compared to wild-type (A, B), exhibiting broad wings (C) and short, twisted legs (D).
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FIG. 4. Rescue of the rbp5 reduced bristle number phenotype by a Z1 transgene. Wild-type Canton S males (A) have 15 to 20 bristles
per abdominal sternite. Dissected rbp5 male pupae (B) have only 5 to 9 bristles on each sternite, even when they are rescued to eclosion
following 337C heat induction of two copies of Z1 at 6 hr AP (C). The wild-type bristle number is restored in rescued rbp5/Y; Z1//; Z1/
/ males when an additional 377C heat shock is included at the 12-hr AP pupal stage (D). In each panel the second through ®fth abdominal
sternites are shown top to bottom.
dres et al., 1993; Bayer et al., 1996a). We found the best expressed). Unexpectedly, we found that the Z4 transgene
partially rescues rbp1 mutants. Thirty-one percent of therescue to occur when the Z1 transgene was expressed by a
337C heat shock in 6-hr AP prepupae followed by a 377C tested animals eclose when the Z4 transgene is induced in
prepupae and pupae (Fig. 2B; Table 3). The rescued rbp1heat shock just after head emergence (12 hr AP). Using these
conditions, 58% of rbp1/Y; Z1//; Z1// animals and 55% mutants have essentially wild-type appendages, but still ex-
hibit the reduced bristle number phenotype and are notof rbp5/Y; Z1//; Z1// animals eclosed (Table 3; Fig. 2B).
In both rbp1 and rbp5 mutants the reduced bristle number fertile. A smaller number (2%) of rbp1 animals are rescued
when Z4 is induced only at the prepupal stage. rbp5 mutantsphenotype is also fully rescued (see Materials and Methods
and Fig. 4D). Rescued rbp1 animals are completely wild- are also partially rescued by a Z4 transgene. Rescued rbp5
animals do not survive to eclosion, but a signi®cant numbertype, while rescued rbp5 animals have a weak malformed
leg and wing phenotype. We tested two of the three possible progress further into pupal development than reference mu-
tant animals (data not shown). In the absence of heat shock,Z1 isoforms, TN-Q1-Q2-Z1 and Q1-Q2-Z1. The rescue re-
sults with either transgene were similar, and the data are no rbp1 or rbp5 escapers were found in the presence of the Z4
isoform. These results suggest that the Z4 isoform providescombined in Table 3. We used 337C for the prepupal heat
shock to avoid the lethal effects associated with induction weak rbp/ function.
of high levels of the Z1 (or Z4) transgene by a 377C heat
shock.
The Z2 and Z3 Transgenes Rescue 2Bc MutantRescue results are qualitatively similar if only one of the
Lethalitytwo heat shocks is administered, with the exception that a
12-hr AP heat shock is required to rescue the bristle number Mutants belonging to the 2Bc class are also rescued by
more than one BR-C transgene. Both of the genetically nullphenotype (Fig. 4). However, in these cases the ef®ciency
of rescue is reduced (Table 3). We also found that basal 2Bc1 and 2Bc2 mutants can be fully rescued by Z3 expression
at the end of larval development, the time when Z3 tran-hsp70 promoter activity at 257C produces enough Z1
transgene product to provide mutant rescue. Ten percent of scripts become abundant in wild-type (Andres et al., 1993;
Bayer et al., 1996a). Expression of a single copy of the Z3rbp1 mutants carrying two copies of Z1 that were never
subjected to heat shock were able to eclose (data not shown). transgene by a 37 or 337C heat shock 12 hr before pupar-
iation (012 hr) allows 24 to 43% of 2Bc mutants to ecloseThese ``escapers'' had dif®culty eclosing, were malformed,
generally died right after eclosion, and had the reduced bris- (Table 4). Two heat shocks during larval development (012
and 04 hr L3) at 37 or 337C allow 70 to 84% of the animalstle phenotype. No escapers, however, were ever found
among rbp5 mutants carrying Z1 transgenes under these to eclose (Table 4). Most 2Bc animals are able to advance
to early or midpupal stages when Z3 is induced under theconditions. These results con®rm previous evidence that
Z1 provides rbp/ function (DiBello et al., 1991; Emery et latter conditions (Fig. 2C). Those that eclose exhibit wild-
type legs and wings and live for several days as fertile adultsal., 1994; Crossgrove et al., 1996; Sandstrom et al., 1997).
We found that expression of Z2 or Z3 transgenes did not (Figs. 5A and 5B). We also found that the basal level of
hsp70 promoter activity at 257C allows 10% of 2Bc mutantsrescue rbp mutants (Fig. 2B; Table 3) and was even slightly
deleterious (possibly because induction at 12 hr AP is later carrying two copies of the Z3 transgene to eclose, although
these animals generally are weakly malformed and poorlythan the time in development when Z2 and Z3 are normally
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FIG. 5. The Z3 transgene provides full rescue and the Z2 transgene provides partial rescue of 2Bc1 mutants. 2Bc1/Y; Z3// males eclose
with wild-type wings (A) and legs (B) and live for several days as fertile adults. In contrast, the few 2Bc1/Y; Z2// animals that eclose have
malformed wings (C) and legs (D) and die soon after eclosing.
viable (data not shown). These results demonstrate that Z3 BR-C Transgenes Rescue Target Gene Expression
in BR-C Mutantsprovides 2Bc/ function.
While Z3 provides full rescue of 2Bc lethality and mutant Having established relationships between BR-C genetic
defects, expression of the Z2 transgene provides modest res- functions and protein isoforms by rescue of mutant lethal-
cue (Table 4). Half of the treated 2Bc mutants advance to ity, we extended our investigations using a different assay.
late pupal stages under these conditions (Fig. 2C). In con- We tested whether the expression of BR-C/-dependent
trast to Z3, however, the 2Bc animals that eclose following genes could be rescued in mutant animals by induction of
Z2 expression (29 or 34%) have malformed legs and wings BR-C transgenes.
and die very soon after eclosing (Figs. 5C and 5D). Thus, Dopa decarboxylase (Ddc). Ddc is expressed in the epi-
the Z2 transgene can partially compensate for the loss of dermis and CNS in late larvae and white prepupae (Andres
2Bc/ function. In contrast to the Z2 and Z3 transgenes, a et al., 1993; Scholnick et al., 1983) and depends on br/
Z1 transgene provides no rescue. The Z4 transgene has a function (O'Keefe et al., 1994; Hodgetts et al., 1995). Ddc
small effect at 377C, such that a few animals develop into RNA and protein levels are reduced to 20% of normal in
late pupal stages and 2 of 49 2Bc2 very malformed animals br5 mutants. We found that Ddc expression in our reference
actually eclosed (Table 4). These results indicate that Z1 br5 larvae (no transgene columns, Fig. 6A) was signi®cantly
and Z4 transgenes do not or poorly compensate for the loss reduced relative to levels in BR-C/ siblings (/columns).
of 2Bc/ function. However, induction of the Z2 transgene in late br5 larvae
caused steady-state Ddc transcript levels to increase within
3 hr after induction and reach wild-type levels within 9
hr. In contrast to Z2, the Z1 (TN-Q1-Q2-Z1), Z3, and Z4
npr1 Mutant Lethality Is Not Rescued by Any transgenes did not rescue Ddc transcript levels. The portion
BR-C Transgene of the Ddc gene used as a probe in these experiments in-
cludes sequences found in epidermal and CNS Ddc tran-
Mutants belonging to the npr1 class have lost all BR-C scripts. Because 90% of the Ddc transcript in late larvae
function. npr1 mutants are unable to pupariate and remain and early prepupae is epidermal (Scholnick et al., 1983), and
as late third instar larvae, wandering for several days. We because the BR-C does not regulate Ddc expression in the
tested the ability of each BR-C transgene to rescue the npr13 CNS (Hodgetts et al., 1995), we infer that the results pre-
and npr17 mutations. None of the transgenes rescued npr1 sented here re¯ect rescue of Ddc expression in larval epider-
mutant lethality when induced at 33 or 377C (data not mis. These results con®rm that only Z2 provides br/ genetic
shown). However, induction of the Z2 transgene did permit function.
further development. When two doses of the Z2 transgene Salivary gland secretion protein 4 (Sgs4). Sgs4 is ex-
were induced in wandering third instar larvae by two 377C pressed speci®cally in salivary glands in late third instar
heat shocks, npr1 larvae formed normal-looking puparia larvae (Korge, 1975; Zhimulev and Kolesnikov, 1975; Beck-
with everted spiracles, a tanned cuticle, and imaginal discs endorf and Kafatos, 1976) and depends on rbp/ function for
that had initiated morphogenesis (data not shown). Further wild-type expression levels (Guay and Guild, 1991; Karim
development was not observed, even if animals were sub- et al., 1993). Consistent with earlier studies, we found that
jected to additional heat shocks or if any other single BR- Sgs4 is expressed at approximately 10% of BR-C/ levels in
reference rbp5 mutants (no transgene, Fig. 6B). Induction ofC transgene was induced along with Z2.
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FIG. 6. Rescue of BR-C target gene expression. Late third instar BR-C/ or mutant larvae (A, B) or 0-hr prepupae (C) carrying a single BR-
C transgene or no transgene were heat shocked at 377C for 30 min, then allowed to recover for 3, 6, or 9 hr at 257C prior to harvesting.
Steady-state RNA levels of BR-C-dependent target genes Ddc (A), Sgs4 (B), and Fbp2 (C) were determined by RNase protection assays in
br5, rbp5, and 2Bc1 mutants, respectively, and compared to RNA levels detected in BR-C/ (/) siblings. Relative RNA levels of each target
gene were determined by correcting for differences in gel loading using ribosomal protein gene rp49 (O'Connell and Roshbash, 1984). Each
group of three columns represents measurements taken 3, 6, and 9 hr (from left to right, respectively) after heat shock. RNA levels
averaged from duplicate experiments are shown graphically at the top of the ®gure where error bars indicate the standard deviation. For
Sgs4, only 9-hr time points were replicated, with essentially identical results. Shown below each graph are examples of gels displaying
protected fragments from the 9-hr time points. These gels contain from left to right: BR-C/ (/), BR-C mutant carrying no transgene (0),
BR-C mutant carrying one copy of a transgene (Z1, Z2, Z3, or Z4), a control lane (C) containing no target RNA to allow detection of
artifactual bands, and a lane hybridized with ®vefold excess cold BR-C/ RNA to test for probe saturation (51).
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either Z1 transgene (TN-Q1-Q2-Z1 or Q1-Q2-Z1) in mutant required to observe full rescue of any gene in fat body tissue.
Alternatively, another 2Bc/-dependent gene may be re-larvae restored Sgs4 expression to normal levels. Induction
of the Q1-Q2-Z1 transgene increased Sgs4 RNA levels to quired for wild-type Fbp2 expression. One possible candi-
date is the E74 early ecdysone gene, whose transcription andhigher levels (ninefold after 9 hr of recovery) than does the
TN-Q1-Q2-Z1 isoform (sixfold). A Z4 transgene provided puf®ng activity are submaximally induced in 2Bc mutants
(Zhimulev et al., 1982; Karim et al., 1993). Fletcher andlimited rescue, elevating Sgs4 RNA levels to 25% of wild-
type by 9 hr. Z2 and Z3 transgenes had no effect on Sgs4 Thummel (1995) have shown that both BR-C and E74 are
required for maximal expression of a number of secondarytranscript abundance in rbp5 mutants. These observations
support our earlier conclusion that the Z1 isoform fully response genes. Fbp2 may have similar requirements for
proper induction.compensates for loss of rbp/ function and that Z4 partially
compensates for loss of this genetic function.
Fat body protein 2 (Fbp2). The Fbp2 gene is expressed
in third instar larval and prepupal fat body and depends
DISCUSSIONupon 2Bc/ function for normal levels of expression (Rat
et al., 1991; Andres et al., 1993; J.-A. Lepesant, personal
communication; this study). Preliminary experiments Primary Rescue of Complementing BR-C Mutations
showed that the requirement for 2Bc/ function is greater Is in Accord with Previous Genetic Studies
in prepupae (a 25-fold reduction in Fbp2 expression in 2Bc1
prepupae) compared to late third instar larvae (a 4-fold re- Although the ®rst BR-C broad mutation was isolated by
Bridges in 1915 (Morgan et al., 1925), the complexity andduction) (data not shown). In Fig. 6, compared to BR-C/
prepupae (/columns, Fig. 6C), Fbp2 RNA levels were the essential nature of the locus were only ®rst appreciated
in 1980 by Igor Zhimulev and his colleagues (Belyaeva etgreatly reduced in reference 2Bc1 prepupae (no transgene).
Expression of the Z3 transgene in these mutants had a al., 1980) who demonstrated that the complementing br,
rbp, and 2Bc functions at the locus were all absent in geneti-strong effect, elevating Fbp2 levels 22-fold to 49% of wild-
type levels within 9 hr after induction. Z1, Z2, and Z4 trans- cally null, noncomplementing npr mutants. The genetic
studies of Kiss et al. (1988) suggested that the complement-genes can also restore Fbp2 transcript levels, but to a lesser
extent than Z3. We found that expression of the Z2 ing functions at the locus might exhibit some redundancy.
However, the ®rst published effort to relate molecular andtransgene increased Fbp2 RNA levels 9-fold (21% of wild-
type RNA levels); Z1 or Z4 transgene expression increased genetic structures of the locus (DiBello et al., 1991) sug-
gested a simple one-to-one relationship between protein iso-Fbp2 RNA levels 6-fold (14% of wild-type). Because our
phenotypic rescue of lethal 2Bc mutants (above) indicated forms and genetic functions in which the rbp/ function was
mediated by Z1 isoforms, br/ function by the Z2 isoform,that both Z3 and Z2 provide 2Bc/ function, we asked
whether induction of both transgenes in the same animal and 2Bc/ function by the Z3 isoform. We report here for
the ®rst time a general study of the ability of individualwould restore Fbp2 transcript abundance to a higher level
than that seen with either transgene alone. We found that BR-C protein isoforms to rescue arrested development and
defective target gene expression in BR-C mutants. The re-the rescue after simultaneous induction of Z2 and Z3 trans-
genes is very similar to that seen with Z3 alone, i.e., Fbp2 sults from our analyses reported here expand the simple
view of BR-C functions correlating one-to-one with proteinRNA levels increased to50% of wild-type levels (data not
shown). Thus, each of the four BR-C transgenes provides isoforms to include functional redundancy and possible reg-
ulatory dependency among some BR-C protein isoforms.some rescue of Fbp2 expression in 2Bc1 mutants. However,
consistent with the rescue of 2Bc mutant lethality, the br/ function. Consistent with the genetic data associat-
ing the br28 mutation with a P element transposon in thestrongest rescue is provided by the Z3 transgene.
For each target gene examined, the highest level of rescue Z2 domain (DiBello et al., 1991; B. Ho, C.A.B., and J.W.F.,
unpublished), we ®nd that br/ function is provided only bywas observed 9 hr after administration of the heat shock.
We believe that this delay re¯ects the time required for the the Z2 isoform. Expression of the Z2 transgene at the end
of the third larval instar and in white prepupaeÐperiodspool of newly synthesized RNA induced in the mutant to
accumulate to the level present in BR-C/ animals. Fbp2 when Z2 isoform levels are high in wild-type (Emery et al.,
1994; Bayer et al., 1996a)Ðrescues the lethality caused byRNA was not rescued to wild-type levels in our assays.
In comparison to Ddc and Sgs4, Fbp2 RNA is extremely the amorphic br5 and br28 alleles. Expression of the Z1, Z3,
or Z4 transgenes does not rescue either of these mutants. Z2abundant in wild-type (at least ®vefold more abundant than
Sgs4, based on hybridization signals), suggesting that longer transgene expression restores tanning in the larval cuticle.
Correspondingly, only Z2 transgene induction restores ex-recovery times may be required to observe full rescue of
this gene. In addition, a recent study of HSP70 expression pression of Ddc, a br/-dependent target gene essential for
tanning (Hodgetts et al., 1995). We presume that the Z2indicates that heat shock response rates vary among tissues
(Krebs and Feder, 1997). Their ®nding that the increase in isoform acts through a cluster of Z2 binding sites within a
genomic fragment necessary for epidermal-speci®c splicingHSP70 protein levels follows a delay of several hours in fat
body, in contrast to the rapid increase in salivary glands or of Ddc transcripts (Shen and Hirsh, 1994; Hodgetts et al.,
1995). Of interest, induction of the Z2 transgene in wild-imaginal discs, suggests that longer recovery times may be
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type animals during pupal stagesÐwhen the Z2 isoform is is a result of functional redundancy of two BR-C isoforms,
e.g., Z1 and Z4. (3) It is a result of epistasis within the BR-not normally expressedÐresults in death (data not shown).
rbp/ function. rbp5 mutants produce a truncated pro- C, i.e., the regulatory dependency of one isoform on another.
For example, normal expression of Z2 might be dependenttein lacking the Z1 domain (Emery et al., 1994). Consistent
with this observation, we have found that a stop codon has on Z3. Our data are not consistent with the ®rst explana-
tion, but are consistent with the second or third explana-been introduced into the Z1 linker region in rbp5 mutants
(E. Chung, L.v.K., and J.W.F., unpublished). Recently, both tions.
rbp/-dependent salivary gland late gene expression and
rbp/-dependent thoracic muscle development have been
The Parameters of Rescue by Heat Shock-rescued by Z1 transgene expression (Crossgrove et al., 1996;
Dependent Expression of Transgenes Re¯ectSandstrom et al., 1997). As expected from these genetic
the Expected Function and Expressiondata, we found that full rbp/ function can be provided by
of Particular BR-C Isoformsexpression of the Z1 transgene. Not of great surprise, we
also found that partial rbp/ function can also be provided All of our data are consistent with the previously estab-
lished properties of particular BR-C protein isoforms andby expression of the Z4 transgene (see below). The Z2 and
Z3 transgenes have no effect. Z1 transgene expression dur- functions. First, in two cases the precise nature of genetic
lesions was known. The rbp5 mutation causes a truncationing prepupal developmentÐwhen Z1 isoform expression is
high in wild-type (Emery et al., 1994; Bayer et al., 1996a)Ð of the Z1 isoform (Emery et al., 1994; E. Chung, L.v.K.,
and J.W.F., unpublished), and the br28 mutation disrupts therescues the pupal lethality caused by either rbp1 or rbp5. In
general, the rescued adults are morphologically normal, can zinc-®nger binding domain of the Z2 isoform (DiBello et
al., 1991). These mutations are rescued, respectively, by the¯y, and are fertile. The ability of rescued animals to ¯y is
important in light of the demonstration by Sandstrom et al. Z1 and Z2 transgenes. The nature of mutational lesions in
2Bc1 and 2Bc2 are unknown. Second, in all cases, we ®nd(1997) that the development of the indirect ¯ight muscles
requires rbp/ function. Z1/rbp/ function is also required that proper timing of BR-C transgene induction is critical
for rescue of genetic functions missing from BR-C mutants.during early pupal development to rescue the reduced bris-
tle number defect associated with loss of rbp/ function. A particular transgene is capable of rescue (excepting Z4,
see below) only when induced during the period in meta-Induced Z1 transgene expression also restores expression of
the rbp/-dependent salivary gland gene Sgs4 in rbp larvae morphosis when levels of that BR-C protein isoform are
normally high in wild-type. Likewise, transgene inductionto wild-type levels. Expression of the Z1 transgene in third
instar larvae (when Z1 is normally present at very low lev- is often deleterious when induced much earlier or later than
the period of maximum expression of that BR-C product.els) can result in death.
2Bc/ function. Consistent with the intragenic genetic Third, for each mutant, transgene expression is effective
only when induced just before the stage of developmentalanalyses of Aizenzon and Belyaeva (1982) mapping 2Bc al-
leles most proximal within the BR-C locus, and the distal to arrest. Fourth, successful rescue of each BR-C complemen-
tation group requires different levels of transgene expres-proximal arrangement of BR-C zinc-®nger-containing exons
(DiBello et al., 1991), 2Bc/ function is primarily provided sion. These quantitative differences in transgene require-
ments appear to re¯ect quantitative differences in develop-by the Z3 isoform. Unexpectedly, 2Bc/ function can also
be partially provided by expression of the Z2 isoform (see mental requirements for BR-C functions that are inferred
from genetic analyses. Comparisons of morphological de-below). Z3 transgene expression at the end of the third larval
instarÐwhen Z3 isoform levels are high (Emery et al., 1994; fects among complete and partial loss-of-function alleles
suggest that the developmental requirements for br/ func-Bayer et al., 1996a)Ðrescues lethality in 70±84% of 2Bc1
and 2Bc2 animals. The rescued adults are morphologically tion are greater than those for rbp/ function that in turn
are greater than those for 2Bc/ function (C.A.B. and J.W.F.,normal and fertile. Z3 transgene induction also restores
Fbp2 RNA levels in 2Bc animals to about 50% of wild- unpublished). Correspondingly, rescue of br nulls occurs
only when two Z2 transgene copies are expressed multipletype amounts. Induction of the Z3 transgene in wild-type
animals during the pupal period (when Z3 isoform levels times at 377C over a long period at the end of larval develop-
ment. Even so, rescue is inef®cient and the rescued animalsare low) results in death (data not shown).
still exhibit malformed legs and broad wings, suggesting
that even more Z2 is required for full br/ function. Optimal
Partial Rescue of BR-C Mutants by Expression of rescue of rbp mutants is achieved when two copies of the
Alternative Isoforms Provides Insights into the Z1 transgene are expressed twice, once at 337C and once at
Functional Organization of the BR-C 377C. In contrast, ef®cient and full rescue of 2Bc mutants
is provided by relatively low levels of Z3 expressionÐoneIn two instances, expression of secondary transgenes pro-
vides partial, but clear, rescue of BR-C functions. Expression transgene copy induced at 337C once at the end of the third
instar. In addition, 2Bc and rbp mutants can be rescued byof the Z4 transgene rescues rbp mutants; expression of the
Z2 transgene rescues 2Bc mutants. This rescue can result basal levels of transgene expression at 257C. These results
suggest that the requirement for br/ function at the begin-from one of three causes. (1) It is an artifact of the heat
shock-dependent expression of a particular transgene. (2) It ning of metamorphosis is very highÐat least in some tis-
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suesÐwhereas the requirement for 2Bc/ function at this antimorph (exerting a negative function). However, genetic
analyses show that rbp5/rbp5 homozygotes are phenotypi-time is relatively low. Finally, rbp/ function appears to be
suf®cient at intermediate levels later in metamorphosis. In cally less severe than rbp5/de®ciency heterozygotes, im-
plying that some rbp/ function remains in rbp5 mutants;summary, all of the above results are consistent with the
known properties of the BR-C and lead us to conclude that i.e., they are hypomorphs. Because neither the Z2 nor Z3
transgene can provide rbp/ function, we hold the view thatour rescue experiments, including those discussed below,
re¯ect normal properties of the locus. the Z4 isoform normally provides some rbp/ function.
Whether animals that lack the Z4 isoform will express an
rbp phenotype has yet to be determined.
The Z4 Isoform Provides Partial rbp/ Function
Our data are most consistent with a model of BR-C func-
The 2Bc/ Function May Regulate Expressiontion in which the function of the Z4 isoform is partially
of the BR-Credundant with that of the Z1 isoform. Because no muta-
tions speci®c to Z4 have been identi®ed, no guidance from The reduction in BR-C transcript levels detected in 2Bc
mutants (Karim et al., 1993) suggests that the 2Bc/ functionprevious genetic results is available. However, in three in-
stances expression of the Z4 transgene provides partial rbp/ may be required for autoregulation at the BR-C. Some of
our rescue data support this hypothesis. 2Bc mutants arefunction. First, expression of the Z4 transgene partially res-
cues the lethality caused by the hypomorphic rbp1 muta- primarily rescued by the Z3 transgene, but to some extent
can be rescued by any of the transgenes. Expression of thetion, but does not rescue the lethality caused by the more
severe Z1-defective rbp5 mutation. Z4 transgene expression Z2 transgene partially rescues 2Bc lethality and levels of
Fbp2 RNA. The Z1 and Z4 transgenes are also capable ofrescues approximately 30% of rbp1 animals to eclosion (all
are infertile and exhibit the reduced bristle number defect) weak rescue of this target gene, and expression of the Z4
transgene weakly rescues 2Bc2 lethality. Thus, any BR-Ccompared to approximately 60% rescue (all are fertile with
wild-type numbers of bristles) with the Z1 isoform. Second, isoform can partially compensate for the absence of 2Bc/
function. In addition, the primary structures of the Z2 andSandstrom et al. (1997) ®nd that expression of the Z4
transgene partially rescues the rbp/-dependent develop- Z3 zinc-®nger binding domains are no more similar to each
other (39% identity, 44% similarity; Bayer et al., 1996a)ment of the indirect ¯ight muscles in rbp mutants. Third,
Sgs4 expression is partially restored in rbp5 mutants by Z4. than they are to any other zinc-®nger protein. Thus, al-
though it cannot be excluded, evidence for functional redun-Crossgrove et al. (1996) have recently shown that the Z1
transgene can rescue L71 late gene expression in rbp mu- dancy is lacking. An alternative explanation for these re-
sults which we currently favor is that Z3/2Bc/ function hastants. They report that Z4 does not provide this rescue;
however, in our experiments we ®nd that postinduction two roles: (1) to regulate speci®c target genes, e.g., Fbp2,
and (2) to regulate the BR-C directly or indirectly throughrecovery times longer than those utilized in Crossgrove et
al. (1996) are required for Z4 rescue of Sgs4. In addition, the other early ecdysone genes. This model might explain why
Z2 transgene expression can partially rescue 2Bc mutantDNA binding domain of the Z4 isoform is highly similar
to that of Z1 (52% identity, 68% similarity; Bayer et al., defects. If one consequence of a loss of 2Bc/ function is
down-regulation of Z2 isoform levels, then expressing the1996a). Therefore, redundancy of function based on struc-
tural similarity is possible. Z1 and Z4 have been shown to Z2 function from a transgene would simply bypass a Z3/
2Bc/ regulatory defect at the locus. The model would alsoexhibit identical DNaseI footprinting protection patterns
with some targets, indicating highly similar modes of site explain why br null mutations, which are missing Z2 func-
tion, are not correspondingly rescued partially by Z3 expres-recognition (von Kalm et al., 1994). To provide rbp/ func-
tion, the Z4 transgene must be expressed when the Z1 tran- sion. In the case of br28, for example, Z3-dependent up-regu-
lation of an inactive Z2 isoform would still not provide anyscript is normally at its maximum level, supporting the
view that the Z4 transgene is providing rbp/ function in lieu br/ function.
of Z1. Although Z4 transcript levels peak in early prepupae,
some Z4 transcript is still present at later stages when Z1
Pupariation Requires More Than One BR-Ctranscript levels rise. Therefore, our results suggest that Z4
Functionmay normally substitute partially for the Z1 isoform in
development by providing low levels of rbp/ function. It One of the enigmatic features of the BR-C is that npr1
mutants arrest development as wandering larvae unable tois possible that expression of high levels of transgenic Z4
exaggerates the apparent functional redundancy between pupariate, but animals mutant for any of the complement-
ing genetic functions are able to advance further in develop-the Z1 and Z4 protein isoforms; however, genetic data sup-
port the view that another BR-C isoform, in addition to ment, at least initiating pupariation. This observation indi-
cates that no single BR-C function is necessary for pupar-Z1, provides rbp/ function. rbp5 mutants, which produce a
truncated protein that contains the BR-C core but lacks the iation and that any two functions are suf®cient for
successful pupariation. This hypothesis is supported by ourZ1 zinc-®nger binding domain (Emery et al., 1994; E.
Chung, L.v.K., and J.W.F., unpublished), should behave ge- observation that expression of the Z2 transgene can rescue
puparium formation and tanning (but not subsequent devel-netically either as an amorph (lacking rbp/ function) or an
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
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